Streptococcus suis is an important meningitis-causing pathogen in pigs and humans. Neutrophil extracellular traps (NETs) have been identified as host defense mechanism against different pathogens. Here, NETs were detected in the cerebrospinal fluid (CSF) of S. suis-infected piglets despite the presence of active nucleases. To study NET-formation and NET-degradation after transmigration of S. suis and neutrophils through the choroid plexus epithelial cell barrier, a previously described model of the human blood-CSF barrier was used. NETs and respective entrapment of streptococci were recorded in the "CSF compartment" despite the presence of active nucleases. Comparative analysis of S. suis wildtype and different S. suis nuclease mutants did not reveal significant differences in NET-formation or bacterial survival. Interestingly, transcript expression of the human cathelicidin LL-37, a NET-stabilizing factor, increased after transmigration of neutrophils through the choroid plexus epithelial cell barrier. In good accordance, the porcine cathelicidin PR-39 was significantly increased in CSF of piglets with meningitis. Furthermore, we confirmed that PR-39 is associated with NETs in infected CSF and inhibits neutrophil DNA degradation by bacterial nucleases. In conclusion, neutrophils form NETs after breaching the infected choroid plexus epithelium, and those NETs may be protected by antimicrobial peptides against bacterial nucleases.
2006). S. suis meningitis is characterized by a high number of polymorphnuclear leukocytes (PMNs) or neutrophil granulocytes in the cerebrospinal fluid (CSF) (Beineke et al., 2008; Lun et al., 2007; Williams & Blakemore, 1990) . In general, neutrophils are part of the innate immune system and can act antimicrobial by several defense mechanisms like phagocytosis, degranulation, an NETosis after breaching a cell barrier and infiltrating infected tissue (Mocsai, 2013; Steinberg and Grinstein, 2007) . NETosis is a term used for the formation of neutrophil extracellular traps (NETs) identified in 2004 as extracellular release of nuclear DNA and associated antimicrobial compounds (Brinkmann, 2004; Fuchs et al., 2007) . However, many pathogens produce DNases to escape from the antimicrobial effects of NETs. Earlier, we showed that S. suis is able to induce NETs and can also be trapped by NETs (de Buhr, Neumann, Jerjomiceva, von Köckritz-Blickwede, & Baums, 2014; de Buhr et al., 2015) . The S. suis secreted nuclease A (SsnA) is a NET-evasion factor protecting against the antimicrobial activity of NETs (de Buhr et al., 2014) . Furthermore, endonuclease A of S. suis (EndAsuis) is an additional NET-degrading DNase active in the exponential growth phase (de Buhr et al., 2015) . The function of both DNases differs, because they are active at different pH and ion concentrations (de Buhr et al., 2015) .
During the pathogenesis of S. suis meningitis, streptococci and neutrophils meet in the CSF compartment after crossing the blood-CSF barrier (BCSFB) (Beineke et al., 2008; Lun et al., 2007; Williams & Blakemore, 1990) . In an inverted transwell filter system with primary porcine choroid plexus epithelial cells, the invasion and translocation of S. suis from the "blood" to the "CSF compartment" were analyzed, and the relevance of the BCSFB as an entry gate for S. suis into the CNS was indicated (Tenenbaum et al., 2009) . Furthermore, an inverse model of the human BCSFB using a human choroid plexus papilloma (HIBCPP) cell line on transwell filters with constant barrier function was established by Schwerk et al. (2012) . Neutrophils were shown to efficiently cross this barrier from the upper "blood" to the lower "CSF"-side after an infection with S. suis or Neisseria meningitides (Steinmann et al., 2013) . However, until now, nothing was known about the formation of NETs in CSF.
In this study, we first analyzed CSF samples of piglets infected with S. suis to investigate NET-formation in the fluid CSF compartment in vivo. Furthermore, an in vitro BCSFB model was used to study the formation of NETs and activity of S. suis nucleases after transmigration of neutrophils through S. suis-infected human choroid plexus epithelial cells.
| RESULTS

| NET-detection in the CSF of S. suis-infected piglets despite DNase activity
First, we screened CSF of piglets with S. suis field infections for NET-formation and bacterial entrapment immediately after collection of the samples. Cells in CSF were transferred to glass bottom plates, and after cytospin, NETs and S. suis were visualized by immunofluorescence microscopy with NET-specific antibodies against DNA/histone-1-complexes and a co-staining of S. suis. In piglet 15-10 with histologically confirmed severe suppurative meningitis, S. suis was isolated from CSF in pure culture. In the CSF of this piglet, NET fibers with entrapped streptococci were detectable ( Figure 1a ). Control staining with antibodies against neutrophil elastase confirmed the presence of neutrophils in the tested CSF as well as localization of elastase in NETs (
Figure 1b).
As a next step, we screened CSF of piglets experimentally infected with S. suis serotype 2 (strain 10) for NET-formation. Therefore, freshly harvested CSF was transferred to glass cover slides by cytospin. Then again NETs were visualized by immunofluorescence microscopy with NET-specific antibodies against DNA/histone-1-complexes. In all tested piglets with CNS dysfunctions like tremor, opisthotonus or convulsions, and histologically confirmed meningitis, NET structures were detectable ( Figure 1c ). These four piglets exhibited pleocytosis in the CSF with leukocyte numbers ranging from 5.4 × 10 5 /ml to 1.2 × 10 8 /ml. S. suis serotype 2 was isolated in pure culture from the CSF of these piglets. The CSF sampling method did not induce NETlike structures as determined by control experiments ( Figure S1 ).
S. suis has been shown to express at least two DNases involved in
NET-degradation (de Buhr et al., 2014; de Buhr et al., 2015) . Thus, we next analyzed CSF samples of S. suis-infected piglets for DNase activity. Interestingly, high DNase activity was detectable in CSF samples of S. suis-infected animals with meningitis, whereas moderate activity in infected animals with no detectable lesions was seen, and almost no activity was found in uninfected animals ( Figure 1d ).
As DNase activity in meningitis lesions might be of pathogen and/ or host origin, we performed experiments to characterize S. suis nucleases or porcine DNase I activity in CSF. First, we analyzed if S. suis wildtype (wt) and DNase mutants lead to degradation of DNA in CSF of healthy piglets. As shown in Figure S2 , S. suis wt and 10ΔendAsuis
but not 10ΔssnA incubated in CSF of healthy piglets spiked with eukaryotic DNA degraded this DNA indicating that the bacterial nuclease SsnA is expressed and active in CSF. Furthermore, eukaryotic DNA was degraded in CSF of piglets with a S. suis meningitis ( Figure 1e ) and pre-incubation of a meningitis CSF sample (No. 9884) with an antiserum directed against SsnA led to a prominent inhibition of this DNase activity compared with the respective control treated with the preimmune serum (Figure 1e) . Thus, at least the bacterial DNase SsnA is released in the course of S. suis meningitis. However, the DNase activity in CSF was not completely abolished with this antibody. Accordingly, an enzyme-linked immunosorbent assay (ELISA) for the detection of porcine DNase I revealed low (<0.8 pg/ml, but >0) to high (995 pg/ml) levels of porcine DNase in CSF depending on the sample.
In conclusion, NET-formation is detectable in S. suis-infected CSF in vivo despite bacterial and host DNase activity. Thus, we hypothesized that NET-formation by granulocytes infiltrating the CSF compartment might be a relevant host defense mechanism in the course of S. suis meningitis.
2.2 | Usage of a human BCSFB model to study NETosis in the "CSF compartment"
To study NET-formation and host-pathogen interaction in CSF in more detail, a previously described inverse model of a human BCSFB Figure S11 . White squares highlight the area of magnification. (c) CSF samples of four piglets (9780, 9807, 9884, 9899) with central nervous system disorders were stained after cytospin. In all animals, NET structures with fibers were detected (blue = DNA [DAPI], green = DNA/histone-1-complexes). (d) CSF samples of uninfected and S. suis wildtype-infected piglets were analyzed for DNase activity by addition of eukaryotic DNA to the CSF samples and subsequent incubation at 37°C for 22 hr. In the PBS control and the CSF of uninfected animals, no DNase activity was detectable. The seven infected animals were divided in two groups. Group 1 (9780, 9807, 9884) was characterized by central nervous system disorders, suppurative meningitis, altered CSF with pleocytosis, and re-isolation of the challenge S. suis strain from CSF. Group 2 (9725, 9881, 9898, 9971) was characterized by no signs of central nervous system dysfunction or CSF alterations. (e) Inhibition of DNase activity in CSF of meningitis piglet 9884 and a CSF sample pre-incubated with S. suis wildtype by treatment with an antiserum against rSsnA prior to incubation with eukaryotic DNA. CSF incubated with the double mutant was used as negative control for DNA degradation. DNA was visualized by 1% agarose gel electrophoresis (Ishiwata et al., 2005; Schwerk et al., 2012) was adapted. With this model, we investigated NET-formation and NET-degradation by S. suis wt compared with S. suis nuclease mutants after transmigration of streptococci and neutrophils through this barrier. Importantly, no antibiotics were included in this model using a newly adapted protocol.
Furthermore, the fluid in the upper ("blood") compartment was exchanged 2 hr after bacterial infection and prior to addition of neutrophils ( Figure 2a ) to prevent lytic effects through suilysin accumulation and to better mimic the in vivo situation (Norton, Rolph, Ward, Bentley, & Leigh, 1999; Charland et al., 2000) . To monitor functionality of the choroid plexus epithelial barrier, the transepithelial electrical resistance (TEER) was recorded at different time points. As shown in Figure 2b , the percentage baseline TEER referring to the start value changed only slightly over time, and significant differences in TEER
were not recorded between infected and uninfected filters during the course of experiments. Furthermore, dextran flux measurements (a) An inverted system with human choroid plexus papilloma cells (HIBCPP) grown on filters was used to form a "blood compartment" and a "CSF compartment". The latter contained cover slips for immunofluorescence microscopy. No antibiotics and no other but the indicated control neutrophil extracellular trap (NET) inducers were included in this infection model. Two hours after addition of streptococci to the upper compartment, the liquid in this part was removed, and neutrophil granulocytes in fresh medium were added to this "blood compartment". Four hours after addition of neutrophils, NET-formation was monitored in the "CSF compartment" after cytospin. (b) transepithelial electrical resistance (TEER) analysis 2 and 6 hr after infection with Streptococcus suis. As depicted in a, neutrophils were added 2 hr after infection. Figure S3 ) confirming that the bacterial nuclease SsnA is active in this compartment. To characterize viability of neutrophils transmigrated to the "CSF compartment", live/dead staining was performed ( Figure 2c ) and revealed that less than 2% of transmigrated neutrophils were dead. A similar percentage of dead cells was shown for cells of the upper "blood compartment" (Figure S4 a) . As a control, neutrophils that were transmigrated into a "CSF compartment"
containing PMA were mostly dead and released NET fibers in large amounts. However, PMA was excluded from all further experiments to exclude non-physiological stimulation of neutrophils. Further control experiments revealed that transmigrated neutrophils were still able to phagocytose (Figure 2d ).
| Neutrophils form NETs after transmigration through the infected choroid plexus epithelium in vitro
Immunofluorescence microscopy and a PicoGreen assay were conducted to investigate NETosis in the lower compartment of the inverse transwell system. Importantly, we confirmed that neutrophils formed NETs in the S. suis-infected lower ("CSF") compartment in this modified model and streptococci were trapped in these NETs ( Figure 3a ). For quantification of NETosis, a total of 13 pictures were made per sample with a blind target method ( Figure S5 ). A significantly higher number of neutrophils were found in infected compartments compared with the uninfected compartments. TNFα added to the "CSF compartment" was used as positive control for neutrophil transmigration ( Figure 3b ). This indicated a functional epithelial barrier, which is inducing transmigration of neutrophils upon infection with S. suis. Significant differences in the number of transmigrating neutrophils were not found between choroid plexus epithelial cells infected with wt or the different S. suis nuclease mutants (Figure 3b ). Furthermore, differences in the percentage of NET-releasing cells were not recorded between these groups using immunofluorescence microscopy ( Figure 3c ) (de Buhr et al., 2014; de Buhr et al., 2015) . To investigate this further, the amount of double stranded DNA was quantified in the lower ("CSF") compartment by a PicoGreen assay. The DNA was quan- 
| LL-37 expression in human choroid plexus epithelial cells and transmigrating neutrophils
The host antimicrobial peptide LL-37, belonging to the family of cathelicidins, has recently been shown to stabilize NETs against bacterial nuclease degradation (Neumann and Völlger et al., 2014) . Furthermore, it was demonstrated that choroid plexus epithelial cells in rats produce the rat-homologue cathelicidin (rCRAMP) after Streptococcus pneumoniae infection and that LL-37 is detectable in CSF and serum samples from patients with acute meningitis (Brandenburg et al., 2008) . Therefore, we hypothesized that LL-37 might protect NETs against degradation by the S. suis DNases in the described BCSFB model. Using dot blot analysis, a distinct cell-associated LL-37 signal was detectable in the "CSF compartment" as well as a slight NETassociated signal in infected compartments with concentrated samples ( Figure S6 ). Furthermore, using immunofluorescence microscopy LL-37 was detectable intracellularly and extracellularly located in transmigrated neutrophils and strongly co-localized with NETs PicoGreen analysis of NET-associated DNA in the "CSF compartment" revealed only significant differences between bacterial infected and uninfected filters. (g) The percentage of NET-associated (asso.) DNA to total DNA was calculated. Slight but not significant difference between S. suis wildtype and S. suis ΔendAsuisΔssnA was observed. Graphs in (b) to (g) show the mean ± SEM of five independent experiments, except the filter "wildtype without neutrophil" in d-f, which was tested four times. *p < .05, **p < .005, ***p < .0005, ****p < .0001 (b) or paired, one-way Student's t-test (c, g)
| PR-39 detection in CSF of piglets with meningitis and co-localization of NETs and PR-39 in vivo
In pigs, about 30 host defense peptides are described (reviewed by Sang and Blecha, 2009) . One is the proline-arginine-rich 39 amino acid cathelicidin PR-39 that was first identified in intestine of pigs (Agerberth et al., 1991) , and an analogue was found in neutrophils (Shi, Ross, Chengappa, & Blecha, 1994) . We detected high amounts of PR-39 in CSF of piglets with meningitis, significantly higher than PR-39 concentrations in CSF of healthy controls (Figure 6a ). One function of PR-39 is the antimicrobial activity against bacteria, which is, however, substantially higher against Gram-negative bacteria. The determined minimum inhibitory concentration (MIC) for S. suis is higher than 64 μg/ml (Shi et al., 1996) . The highest value we detected here in CSF was only 5400 pg/ml. As this concentration is considered unlikely to mediate killing of the streptococci, putative stabilization of host DNA by PR-39 was investigated. Indeed, PR-39 protected porcine neutrophil DNA as well as calf thymus DNA against bacterial nuclease degradation [ Figure 6b and S7]. To verify the results under physiological relevant conditions, porcine neutrophil DNA was pre-incubated with PR-39 and incubated in CSF samples derived from piglets with S. suis meningitis (Figure 6c ). These CSF samples contain the physiological nuclease activity that occurs during an in vivo infection with S. suis and that harbor at least S. suis SsnA as well as host nuclease activities as shown in Figure 1 . These experiments showed that the DNase activity in CSF samples leads to a partial neutrophil DNA degradation (76% compared with total DNA), which is slightly but significantly hampered in the presence of PR-39 (83% compared with total DNA). Most importantly, immunofluorescence microscopy analysis revealed that PR-39 co-localized with NETs formed in the CSF of a S. suis-infected pig in vivo [ Figure 6d ]. In conclusion, NETs entrapping S. suis are formed in the CSF compartment during meningitis in piglets, and NETs in this compartment are associated with PR-39 suggesting a putative protective role against the bacterial nucleases of this pathogen.
| DISCUSSION
Only little is known about NET-formation in body fluids with continued fluxes like CSF or blood. Interestingly, in septic blood of mice, NET-formation was detectable in vivo in the vasculature under flow conditions upon TLR-4-mediated activation of platelets that interact with neutrophils (Clark et al., 2007) . Besides blood and lymph circulation, CSF is described as the third circulation (Cushing, 1914; Cushing, 1925) . But CSF exhibits only a pulsatile movement, and a bulk flow is not detectable as seen in blood (Yamada, 2014; de Lahunta, Glass, & Kent, 2007) . This study includes to the best of our knowledge for the first time in vivo data depicting NETs in CSF from bacterial meningitis. Importantly, these
NETs were shown to entrap streptococci, which indicate that NETs are involved in host-pathogen interaction in this fluid compartment (Figure 1a-c) . Interestingly, NETs were detectable in CSF from S. suis-infected piglets, despite the fact that these CSF samples exhibited a strong DNase activity ( Figure 1d ). As two S. suis DNases SsnA and EndAsuis were previously shown by us to degrade NETs in vitro in cell culture medium (de Buhr et al., 2014; de Buhr et al., 2015) , we analyzed the activity of both DNases in the CSF. In accordance with the SsnA-dependent DNA degradation in CSF samples spiked with DNA and incubated with different S. suis strains, DNase activity was inhibited in the CSF of a S. suis-infected piglet with a SsnA specific antiserum (Figure 1e and S1) confirming that at least SsnA is active in CSF. Nevertheless, the overall function of SsnA for the pathogenesis of S. suis meningitis is not well understood. Here, we found that S. suis grows independently of SsnA in CSF ( Figure S8 ). Noteworthy, CSF also includes host nuclease activity as shown in this study for piglets with S. suis meningitis by detection of porcine DNase I using a specific ELISA. Similarly, host DNases are also found in the CSF of humans with meningitis (Kovacs, 1954) . However, as NETs were detectable in vivo in CSF of infected piglets despite DNase activity, we hypothesize that NETs in the CSF are somehow protected against degradation by streptococcal nuclease.
To study the formation of NETs in response to S. suis infections in the CSF compartment more in detail, a modified inverse model of the human BCSFB using a HIBCPP cell line (Schwerk et al., 2012) FIGURE 4 Bacterial transmigration and survival in the "cerebrospinal fluid (CSF) compartment" are Streptococcus suis secreted nuclease A (SsnA) and endonuclease A of S. suis (EndAsuis) independent in the absence (a) and the presence (b) of neutrophils. The bacterial number of the indicated S. suis strains in the "CSF compartment" was determined at 2 and 6 hr post infection of the choroid plexus epithelium in vitro (Figure 2 ). The assay was performed without neutrophils (a) and after addition of neutrophils to the upper ("blood") compartment 2 hr post infection (b). Differences in the specific bacterial content in the "CSF compartment" were not recorded in both assays comparing the indicated S. suis strains at 2 or 6 hr post infection. All data are shown as mean ± SD of four (a) or five (b) independent experiments (each measured in duplicates). Statistical differences were analyzed by one-way analysis of variance using Tukey's adjustment for S. suis (Madsen, Svensmark, Elvestad, Aalbaek, & Jensen, 2002; Sanford, 1987; Williams & Blakemore, 1990) . Here, we were interested whether neutrophils form NETs after transmigration through this barrier infected with S. suis wt or nuclease-deficient bacteria.
NET fibers were detectable in all S. suis-infected "CSF compartments" as well as in the "blood compartment" of the BCSFB model, and trapped bacteria were found inside these structures (Figure 3a A sample with DNA in PBS was used as 100% reference for calculation (n = 3, means are presented as ± SD, one-way, paired Student's t-Test, *p < .05, **p < .005). (c) The degradation of porcine neutrophil DNA by CSF samples from piglets with S. suis meningitis was significantly reduced by adding PR-39 after 5 hr of incubation. Analysis was conducted as described in b (n = 3, means are presented as ± SEM, one-way, paired Student's t-Test, *p < .05. and Figure S4b and c) . Control experiments revealed that neutrophils incubated in 1% FBS medium alone do not exhibit increased NETosis level ( Figure S9 ). Thus, our results indicate that infected plexus epithelial cells enable formation of NETs in our model. S. suis has already previously been shown by us to induce NETs at a similar level in the absence of epithelial cells (de Buhr et al., 2015) . Therefore, it seems reasonable that S. suis might promote NETosis in the CSF and blood compartment. Surprisingly, the amount of NETs in the "CSF compartment" did not significantly differ between cells infected with S. suis wt and the different nuclease mutants (Figure 3c ), despite the fact that the bacterial DNase SsnA is active in the cell culture medium used in these experiments ( Figure S10) . Furthermore, the quantitative recovery of streptococci from the "CSF compartment" was similar comparing wt versus nuclease-deficient S. suis (Figure 4 ). This is in contrast to our previous results, showing SsnA-mediated evasion of antimicrobial activity of PMA-induced NETs by its degradation (de Buhr et al., 2014) . Thus, also the data derived from the BCSF barrier model confirmed that NETs were detectable in this compartment despite DNase activity.
Recently, the antimicrobial peptide LL-37 was identified as a NET stabilizing factor preventing the degradation of NETs by bacterial nucleases (Neumann and Völlger, et al., 2014) . In the "CSF compartment", LL-37 was associated with NETs as demon- 
| EXPERIMENTAL PROCEDURES
| Bacterial strains and growth conditions
Streptococcus suis strain 10 is a virulent serotype-2 strain that has been used by different groups for mutagenesis and experimental infections of pigs (Baums et al., 2006; Baums et al., 2009; Smith et al., 1999) . In addition to the wt, three knock out mutants were used: S. suis strain 10ΔssnA (de Buhr et al., 2014) , strain 10ΔendAsuis, and strain 10ΔendAsuisΔssnA (de Buhr et al., 2015) , designated as ΔssnA, ΔendAsuis, and ΔendAsuisΔssnA or ΔΔ in the figures of this paper, respectively. The S. suis strain isolated from field-infected piglets was characterized with PCR (gdh and arcA positive, cps1, cps2, cps 7, cps9 mrp, and sly negative).
Streptococci were grown on Columbia agar plates with 6% sheep blood or in Bacto™ Todd Hewitt broth.
| Animal experiments
All CSF samples were drawn and processed immediately after euthanasia. Piglets infected with S. suis in the field were transported to the faculty within routine diagnostic procedures. CSF samples drawn from piglets experimentally infected with S. suis cps2, and from non-infected, healthy piglets were collected within a study on Ide Ssuis (Seele et al., 2015) and a not yet published study, respectively. 4.7 | Inhibition of DNase activity in S. suis infected CSF with an antiserum against SsnA
The inhibition of DNase activity in 35-μl CSF of piglet 9884 was conducted by a 1 hr pre-incubation on a rotator with 3.5-μl polyclonal rabbit serum raised against recombinant SsnA (rSsnA) (Gómez-Gascón et al., 2012) . As a control, CSF was incubated with rabbit pre-immune serum. Furthermore, CSF samples inoculated with S. suis wt or 10ΔendAsuisΔssnA were used as control to monitor bacterial growth. All samples were supplemented with 1-μg calf thymus DNA (Sigma-Aldrich) after pre-incubation. This suspension was incubated for 24 hr at 37°C. Visual examination of DNA was conducted as described earlier.
| Porcine DNase I ELISA
The CSF samples of piglets were analyzed with Pig DNase I ELISA (LifeSpan BioScience, Seattle, WA, USA) according to the manufacturer's recommendation.
| Determination of bacterial growth in CSF of piglets
To analyze bacterial growth in CSF of healthy piglets, bacteria from overnight cultures were pelleted via centrifugation (2600 × g, 5 min) and washed twice with PBS. Bacteria were adjusted to OD 600nm , 0.2 and 10 μl of this suspension were incubated in 1-ml CSF of healthy piglets at 37°C. The specific bacterial load (CFU/ml) was determined by serial platings on Columbia blood agar plates after incubation at 37°C for the indicated time points.
| Cell culture
We modified a model of the BCSFB with HIBCPP, described and characterized previously (Ishiwata et al., 2005; Schwerk et al., 2012) . HIBCPP were cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; ThermoFisher, Waltham, MA, USA) 1:1 (Invitrogen, Carlsbad, CA, USA) supplemented with 100 μg/ml streptomycin, 100 U/ml penicillin, 4 mM L-glutamin, 5 μg/ml insulin, and 15% of heat-inactivated fetal calf serum. Cells were seeded with a density of 8 × 10 4 /filter and cultured for 2 days at 37°C and 8% CO 2 on flipped over transwell filter inserts (pore diameter 3.0 μm, pore density 2.0 × 10 6 pores/ cm 2 , and growth area 0.33 cm 2 ; Greiner Bio-one, Kremsmünster, Austria) in a medium-flooded 12-well plate. The filters were turned into a 24-well plate, and the cells were cultured for 3 further days.
After reaching a TEER of 200 Ω × cm 2
, measured with volt-ohm meter using the Millicell-ERS system (Millipore, Billerica, MA, USA), the filters were washed in DMEM/F12 1:1 without antibiotics and phenolred (Invitrogen) but containing 5 μg/ml insulin and 1% heatinactivated fetal calf serum (1% FBS media) and cultured for up to 2 additional days before infection. At the day of infection, the TEER was between 330 Ω × cm 2 and 530 Ω × cm 2 , and filters were put into fresh 1% FBS media.
4.11 | Determination of the specific bacterial load and DNase activity in the "CSF compartment" of the BCSFB model
For the establishment of a stable cell culture system after infection with bacteria, the TEER was measured at different time points. In addition, paracellular permeability was measured with dextranTexasRed (MW 3000, Sigma-Aldrich) as previously described (Steinmann et al., 2013) . The CFU in the lower compartment was determined by plating dilutions on blood agar plates at different time points. For the assessment of nuclease activity, 2 μg of calf thymus DNA (Sigma-Aldrich) was added to 50-μl supernatants and incubated for 4 hr at 37°C. Visual examination was conducted as described earlier.
4.12 | Nuclease activity in cell culture medium
To determine nuclease activity in the cell culture medium, 2 μg of calf thymus DNA (Sigma-Aldrich) was added to 35-μl 1% FBS cell culture medium mixed with 35 μl of bacteria suspension. This suspension was made of bacteria grown to an OD 600nm of 0.6 and used as described earlier. Samples were incubated for 4 hr at 37°C. Visual examination was conducted as described earlier.
| NET induction in cell culture medium
To ensure that NETs are formed in the used 1% FBS cell culture medium, control experiments were conducted. NET induction of freshly isolated human neutrophils in presence of 1% FBS cell culture medium or RPMI was verified as previously described (de Buhr et al., 2014) . Briefly, neutrophils were seeded on poly-L-lysine-coated coverslips (12 mm, 1.5 thickness; neuVitro, Vancouver, WA, USA) and stimulated with 25-nM PMA for 4 hr at 37°C and 5% CO 2 . As a control, neutrophils were incubated without PMA. Afterwards, samples were fixed with 4% paraformaldehyde, and NET-formation was visualized as described later.
| Cell culture infection and transmigration assay
For infection of HIBCPP, all filters were put into 1 ml fresh 1% FBS medium and infected with S. suis wt or one of the three mutants (MOI = 10) in 500-μl 1% FBS medium in the upper ("blood") compartment for 2 hr at 37°C and 8% CO 2 . Then, the "blood compartment"
was emptied and refilled with 500-μl 1% FBS medium containing pure human neutrophils (MOI = 4) or only medium, and the plate was 
| Immunofluorescence of NETs in vivo and in vitro
For the co-staining of NETs and bacteria (in vivo and in vitro), samples were permeabilized (0.5% Triton X-100; Invitrogen) and blocked for 20 min (blocking buffer with 3% normal donkey serum, 3% cold water fish gelatin, 1% BSA, and 0.05% Tween20 in PBS). Then, the samples were incubated with a mouse monoclonal-antibody against DNA/histone 1 (4.4 μg/ml in blocking buffer¸MAB3864; Millipore) for 1 hr to visualize the NETs and a rabbit anti-S. suis antibody (1:500) (Beineke et al., 2008) . The secondary staining was performed using a goat anti-rabbit Alexa 633-conjugated antibody (1:500; Invitrogen) or a goat anti-mouse Alexa 488-conjugated antibody (1:500; Invitrogen).
Staining with aqueous Hoechst 33342 (0.5 mg/ml) was performed for 10 min. After washing, all coverslips were embedded in ProLong®
Gold antifade reagent (Invitrogen). For the NET staining, in vivo CSF samples were stained with a monoclonal antibody against histone H2A-H2B-DNA complex as previously described (Berends et al., 2010) . Briefly, after blocking and permeabilization, neutrophils were incubated over night at 4°C with a mouse monoclonal antibody against DNA/histone 1 (1:5000 in PBS containing 2% BSA, 0.2% Triton X-100; MAB3864; Millipore). An Alexa 488-conjugated goat anti-mouse antibody (diluted 1:1000 in PBS containing 2% BSA, 0.2% Triton X-100; Thermo Scientific) was used as secondary antibody.
| Extracellular and intracellular S. suis or LL-37 staining
All steps were accomplished at room temperature. Samples were blocked for 20 min in PBS containing 1% BSA (S. suis) or 10% goat serum (LL-37) and afterwards incubated with rabbit anti-S. suis antibody (1:500, 1% BSA PBS) (Beineke et al., 2008) For each sample in the cell culture assay, 13 randomly selected images per independent experiment were acquired and used for quantification of the neutrophil number and the induced neutrophils ( Figure S5 ). For each sample in the in vivo detection of NETs in CSF, all slides were screened completely for NET-releasing neutrophils. ) was calculated as the read-out parameter. In case of the neutrophils, the calibrator was non-transmigrated neutrophils with contact to the cell layer. For the analysis of the HIBCPPs, the calibrator is a cell layer with 4-hr contact to non-transmigrated neutrophils in the "CSF compartment".
| PicoGreen assay
| LL-37 ELISA cell culture
The LL-37 amount in the three fractions (NET/cell free, NET bound, and intracellular components) was determined with ELISA (Hycult Biotechnology) according to the manufacture manual. Using this technique, LL-37 was not detectable (detection limit 0,1 ng/ml, data not shown).
4.25 | LL-37 dot-blot analysis cell culture 
| PR-39 DNA protection assay
One μg calf thymus DNA or 0.2 μg porcine neutrophil DNA respectively, were incubated with 30 U/ml micrococcal nuclease in the presence or absence of 0.04 μg PR-39 in a volume of 50 μl PBS. Samples were incubated for 1 hr at 37°C with 5% CO 2 and analyzed with the PicoGreen assay as described earlier.
4.28 | PR-39 DNA protection assay in CSF An amount of 0.2 μg porcine neutrophil DNA (6 μl) was incubated with 0.04 μg PR-39 (4.6 μl) or as control with water for 1 hr at 37°C with 5% CO 2 . Than CSF of piglets with S. suis meningitis was added to a final volume of 50 μl. Samples were incubated for 5 hr at 37°C with 5%
CO 2 and analyzed with the PicoGreen assay as described earlier. 
